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Abstract 
This document introduces the compressed hydrogen gas storage technology and gives a 
computational method to calculate the minimum required material under high pressure conditions 
of a hydrogen vessel suited for a fuel cell mounted on a bike. Although this thesis focuses in the 
design of a less than 2 L pressure vessel, this formula can be applied in any storage tank size. 
Chapter 1 explains why hydrogen is a reasonable energy storage solution on-board and which are 
the market options for now or in the near future. Chapter 2 studies widely the hydrogen 
compressed gas and its storage and fueling challenges. Chapter 3 analyze the strict safety tests 
that are applied to hydrogen pressure vessels on-board. Chapter 4 offers a method to find the 
optimum stacking and laminate thickness for a pressure vessel under internal pressure. Chapter 
5 explains a structural analysis using NX Nastran Laminate Composites simulations. Finally, 
chapter 6 explains hydrogen transport through polymers and chooses a suited polymer for the 
function of hydrogen barrier or liner.         
1 High-pressure hydrogen gas applications for vehicles 
 Fuel cell attractiveness 
The major world automotive companies have been involved with the development of PEM (Proton 
Exchange Membrane) fuel cells since the early 1990s, just as they were involved with the 
development of the H2 ICE (Internal Combustion Engine). Each of these companies stated its 
programs for several reasons. Some looked at the long-range implications of transitioning away 
from oil/gasoline; some looked at ensuring dominance in their respective markets with 
replacement technology for an aging petroleum-based ICE, and still others understood the 
fundamental limitations (energy density, recharging kinetics) of battery-only vehicles (see next 
chapter). Most of them have thought through impacts on global climate change, and the 
consequences we face if we continue the current path, since the automobile’s increasing 
contribution to global CO2 as emerging nations develop. 
A hydrogen-powered PEM fuel cell automobile is no longer being environmentally debated. It will 
be an on-road, zero-emission vehicle, giving the customer the expected and accustomed range 
and cold start performance, as well as having a life corresponding to known technologies once it 
hits its commercial introduction. Germany and Japan have already taken global leadership roles 
in hydrogen infrastructure development, supporting deployment of FCEVs (Fuel Cell Electric 
Vehicles) in 2015.  
Fuel cell vehicles are considered the ultimate vehicle because of the ability to meet all of the 
requirements for tail pipe emissions, diversity of hydrogen production routes, and the ability to 
meet customer expectations from vehicle-operating and performance perspectives. 
 Fuel cell electric vehicles vs. battery-based electric vehicles 
In the governmental and automotive research communities around the world, there is a major 
investment thrust to develop the “advanced” battery, which many believe will enable electrification 
of the fleet. It should be noted that electrification does not imply the use of batteries but rather 
electrification of the power train. Batteries are simply an energy storage device. 
Battery-based systems for vehicles that perform at the same levels we expect from our current 
vehicles simply take too long to recharge (18,2 h). However, hydrogen-powered fuel cell vehicles 
can in principle be recharged in 8 min. As a result, from an infrastructure perspective, vehicles 
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that rely on the grid for their energy are restricted in application space where the energy 
requirements per charge are low, like home (up to 240 V and 40 A).  
Vehicles and duty cycles that require increased power and range will require a different energy 
storage technology if they are to be refueled in reasonable times. The one the auto industry is 
aggressively pursuing is hydrogen-fueled proton exchange membrane (PEM) fuel cell. This is an 
electric vehicle having all the attributes of a battery electric vehicle without the range or recharge 
time limitations.  
 Hydrogen fuel cells 
Ultimately, hydrogen power technology seeks to take advantage of the following chemical 
reaction: 
2𝐻2 + 𝑂2 → 2𝐻2𝑂 + 𝑄 Reaction (1.1) 
The reaction as written above does not proceed because the activation energy for the reaction is 
too high at room temperature for the reaction to take place - nothing happens. Alternatively, if one 
places a catalyst in a balloon with a stoichiometric mix of hydrogen and oxygen, like a piece of Pt 
metal, one changes the reaction pathway such that the activation energy is lowered, and the 
reaction proceeds rapidly at room temperature. This catalytic acceleration is the basis for 
hydrogen catalytic fuel cells.  
Reaction 1.1 is made to happen in two spatially separated half-reactions: 
2𝐻2(𝑔) → 4𝐻
+ + 4 𝑒− (occurring at the anode) 
 
Reaction (1.2) 
𝑂2(𝑔) + 4 𝑒
− → 2𝑂2− (occurring at the cathode) 
 
Reaction (1.3) 
Initially, the produced H+ and O2- are created at separate electrode sites, but subsequently H+ 
diffuses from the anode to the cathode through an H+-conducting membrane. The last step of the 
reaction occurs spontaneously at the cathode, with 
4𝐻+ + 2𝑂2− → 2𝐻2𝑂 
 
Reaction (1.4) 
Whereas traditional gasoline combustion has a thermal efficiency of about 35%, limited primarily 
by the temperatures achievable in traditional combustion systems, the thermal efficiency of the 
electrochemical process can be about 50%. 
Over the years, there have emerged five general classes of fuel cells systems, which are viable 
and commercially available. These fuel cells differ from each other primarily by electrolyte they 
use to perform ion conduction within the fuel cell and the corresponding temperature ranges of 
operation. 
The Proton Exchange Membrane (PEM) fuel cell offers high power density, high efficiency, good 
cold and transient performance and shows the best potential to meet future automotive high-
volume cost requirements. This fuel cell uses pure hydrogen fuel at the anode and can operate at 
quite low temperatures (50-100°C), using a catalyst (typically Pt) to increase the reaction kinetics 
(see Fig. 1.1) The PEM employs a solid polymer (Nafion®) that conducts hydrogen ions from the 
anode to the cathode, and is not corrosive.  
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Fig. 1.1. Schematic diagram of a proton exchange membrane (PEM) fuel cell. Ref. [1] 
 Fuel cell applications for pedelecs 
Two of the most advanced pedal electric bikes (pedelecs) commercially available are: the Alter e-
Bike, and the Linde H2 Bike. Both have similar riding range (100 km) and power (250 W), but they 
storage hydrogen in a different way. Alter e-Bike uses a chemical hydrogen storage and Linde H2 
Bike storages 1,43 L of high-compressed hydrogen gas in a composite vessel. Figs. 1.2(a) and 
1.2(b) show both pedelecs, and there it can be observed that Alter e-Bike has a more packed 
power system than the second one.    
 
 
Fig. 1.2. (a) Alter e-Bike pedelec; (b) Linde H2 Bike pedelec. Ref. [7] [8] 
 Fuel cell applications for motorbikes 
Fuel cells electric motorbikes can be classified modestly in two wide groups: fuel cell electric 
scooters and fuel cell electric sport-bikes. The reference in the fuel cell electric scooter group is 
the Suzuki Burgman, with a power of 8 kW and a driving range of 320 km (12 L of hydrogen). On 
the other hand, fuel cell electric sport-bikes require more power (up to 100 kW), therefore a denser 
storage system such as a cryogenic liquid hydrogen storage (T<-253°C) with an advanced 
isolating system, in order to maintain a proper driving range. BMW HP Kunst is a FCE sport-bike 
prototype provided with a cryogenic hydrogen storage with a 100 kW fuel cell power. Fig. 1.3(a) 
and 1.3(b) show both FCE motorbikes.   
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Fig. 1.3. (a) Suzuki Burgman; (b) BMW HP Kunst. Ref. [9] [10] 
 Oher applications of fuel cell vehicles 
Fuel cells have been used in various kinds of vehicles including forklifts, especially in indoor 
applications where their clean emissions are important to air quality, and in space applications. 
Furthermore, fuel cells are being developed and tested in buses and boats among other kinds of 
vehicles. 
2 High-pressure H2 gas storage in pressure vessels 
 Compressed gas hydrogen storage 
Hydrogen is the lightest of all elements with a very low normal density of 0.09 g/L at 288 K and 
1.0 bar. With a low heating value (LHV) of 120.9 kJ/g, hydrogen has the highest specific energy 
of any known fuel, making it highly applicable to weight-sensitive applications such as aircraft and 
spacecraft. To overcome the low volumetric density of normal hydrogen gas, it is usually 
compressed to high pressures.  
Hydrogen has been stored and transported as a compressed gas in metal cylinders since 19th 
century, when the British used wrought-iron metal cylinders weighting in excess of 500 kg for 
transporting hydrogen to inflate balloons during military expeditions across Asia and Africa. 
Hydrogen exhibits significant deviation from ideal gas law behavior at elevated pressure, and the 
gas density increases much more slowly than the pressure. At 350 bar, the molar volume of 
hydrogen is 22% larger than predicted by ideal behavior due to intermolecular repulsion of the 
hydrogen molecules. As a result, it takes more pressure-volume work to compress it to desired 
density as the pressure increases.  
Historically, there have been four standard types of cylinders developed and used for the transport 
and storage of hydrogen: Type I, all-metal cylinders; Type II, hoop-wrapped composite cylinders; 
Type III, fully wrapped composite cylinders with metallic liners; and Type IV, fully wrapped 
composite cylinders with non-load-bearing nonmetallic liners. Type I steel or aluminum cylinders 
are the most common type found in use for merchant hydrogen delivery and storage. Metals 
selected for these vessels must not permit hydrogen permeation or be subject to hydrogen 
embrittlement, especially when their use involves extensive pressure or temperature cycling. The 
cylinders are designed for a maximum working pressure, with the minimum wall thickness 
determined by the metal’s yield and tensile strength. Because the mass of the metal is substantial, 
the mass of hydrogen stored is typically only about 1% of the cylinder mass and will drop to less 
than 1% at pressure of 350 bar and higher as the tank walls need to be thicker to hold back the 
pressure. 
  
September 11, 2017 Albert Aragonès Morros  10/63 
For automotive application, weight and volume constraints make Type I cylinders impractical. In 
Type III and IV cylinders, thin, light-weight metal or nonmetallic liners, respectively, are wrapped 
by a fiber/epoxy matrix. Aluminum metal is commonly used for the liner as it cannot be embrittled 
by hydrogen. The fiber wrapping supplies the strength to contain the high-pressure gas, while the 
liner primarily acts as a gas permeation barrier. When high-tensile-strength carbon fiber is used 
to provide the strength for 350- and 750-bar cylinders, recently analysis indicated that hydrogen 
system capacities of 5.9% and 4.7% by weight, respectively, are achievable. Although the carbon 
fiber wrappings do reduce the weight of the cylinders dramatically from the all-metal variety, they 
add significant cost. This cost is currently projected to be nearly three-quarters of the storage 
vessel cost, taking into account high-volume manufacturing methodology. 
The most severe limitation of compressed gas storage systems (especially for any transportation 
application) is the overall volume occupied by the tank itself. The density of H2 has at room 
temperature is 23 g/L and 39 g/L at 350 bar and 700 bar, respectively. Thus, to store 5 kg of 
hydrogen on board (estimated quantity a fuel-cell-powered vehicle needs for a 300-mile driving 
range), a light-duty hydrogen-powered vehicle, minimum volumes of 217 L and 128 L are needed 
just to accommodate the gas volumes at 350 bar and 700 bar, respectively. 
 Hydrogen density 
System hydrogen storage density is the most important parameter in H2 vessels. Increasing the 
storage density also increases the H2 weight fraction (kilograms H2/kilograms vessel and 
accessories) and reduces cost (dollars/kilogram H2) because compact vessels demand less 
material (metal and composite) for manufacture. Compact vessels also fit better within available 
spaces in the vehicle, leaving more space for passengers or cargo. 
Figure 2.1 shows the gravimetric density of H2 gas (grams/liter, solid lines) as a function of 
temperature and pressure. Focusing for a moment on the 300 K line, it can be observed that the 
density of ambient temperature compressed gas is a relatively low 50 g/L, even when pressurized 
to 1000 bar. For context, note that the density of saturated LH2 at 1 bar is 70.7 g/L, and gasoline 
has the energy equivalent density of 264 g H2/L. 
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Fig. 2.1. Calculated results for temperature (solid lines) and exergy (dashed lines) as a function of H2 and density. Ref. 
[1] 
Increasing H2 density is typically a productive endeavor. It is the system storage density that 
ultimately matters since thick vessel walls occupy volume otherwise available for H2 storage. The 
strength of practical materials therefore limits the ultimate vessel storage system density. For 
example, a 700 bar, 170 L (external volume) pressure vessel made of 1.5 GPa material with a 
safety factor of 2.25 is predicted to store only 5.3 kg of H2 instead of the theoretical 6.6 kg H2 due 
to the reduced inner volume available. 
 Capital cost  
Storage system cost is another key parameter for development of practical H2 vehicles. 
Considering that liquid hydrocarbon (gasoline and diesel) tanks are very inexpensive (≈0.2 
€/kWh), it is anticipated that H2 vessels will represent the largest cost premium vs. today’s vehicles, 
even after large-scale introduction of H2 vehicles. 
Considering large-scale production (500,000 vehicles per year), the relatively low density of 
compressed H2 demands large vessels made of expensive materials (metal and composite) that 
contribute about 80% of the high cost of compressed gas storage: 15.3 €/kWh for 350 bar and 
18.6 €/kWh for 700 bar vessels. This cost difference is mainly due to the reduced compressibility 
of H2 at the higher pressure. Balance of plant (valves, regulator) and processing represent the 
remaining 20%. Total cost for 5.6 kg H2 vessel is 2800-3500 € (33.33 kWh/kg H2). These values 
are about half the current costs for small-scale production of 1000 €/kg H2, or 33 €/kWh. 
In the other hand, low power-fuel-cells for bicycles (0.8 kWh) for example, require less electrical 
energy to feed their batteries, therefore the hydrogen mass is considerably lower (≈40 g H2) than 
cars for example, and the pressure vessel cost too.   
 Compression, delivery and dispensing (LH2 vs. GH2) 
The key parameter for consumer is life-cycle cost. This includes refueling cost in addition to vessel 
capital cost. Alternatives for H2 delivery and dispensing are similar to those used for vehicle 
storage: liquefaction and compression. These two paths can be thermodynamically analyzed in 
terms of exergy. Defined as the minimum theoretical work necessary for compressing and cooling 
H2 from reference state (300 k and 1 bar) to any state (T,p), exergy is therefore an indication of 
the energy necessary for H2 densification. 
Going back to Fig. 2.1, the dashed lines show exergy as a function of pressure and density (or 
temperature). The figure shows that H2 compression is exergetically inexpensive compared to 
cooling. Any level of densification from 10 to 100 g/L is achieved with minimum possible exergy 
by maximizing pressurization and minimizing cooling. This is reflected in reality by the very large 
liquefaction energy (7-13.4 kWh/kg) vs. compression energy (3-5 kWh/kg in practice). 
LH2 has, however, a virtue that largely mitigates the high cost of liquefaction: high density at low 
pressure. Being dense, LH2 can be dispensed in inexpensive low-pressure tanker trucks that carry 
about 10 times as much H2 as tube trailers for compressed H2 (4000 vs. 550 kg), reducing driver 
and truck costs and therefore reducing delivery cost (0.5€/kg vs. 1.5€/kg for compressed gas). 
Finally, LH2 dispensing is less expensive than compressed gas dispensing. Aside from demanding 
considerable work input (2 kWh/kg exergy for 1000 bar and 50 g/L), compressed H2 dispensing is 
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expensive because it demands compressors, a cascade charging system, and, for 700-bar 
delivery, a booster compressor and a chiller. 
In summary, the cost difference between these delivery alternatives under typical scenarios is less 
than 0.5€/kg H2 when delivering to midsize (400 kg H2/day) stations, because the high cost and 
energy of liquefaction is mitigated by LH2’s ease of delivery and dispensing.  
 Refueling 
Typically, before one fills an empty compressed hydrogen vessel with H2, one needs to know the 
following: (1) How hot will the hydrogen vessel get as we are compressing hydrogen gas within 
it? (2) What will the final pressure be? and (3) How much hydrogen will be in the vessel? Pressure 
vessel refueling can be modeled with the first law of thermodynamics for open systems.  
As a first approximation, we consider an initially empty vehicle vessel with negligible thermal mass 
and negligible heat transfer to/from the environment. Under these assumptions, the fist law of 
thermodynamics simplifies to 𝑢𝑓 = ℎ𝑖 , where 𝑢𝑓 is the specific internal energy of the hydrogen 
inside the vehicle vessel, and ℎ𝑖 is the specific enthalpy of the H2 flowing at the station vessel. The 
enthalpy ℎ𝑖 is calculated at the hydrogen station’s tank conditions (pi, Ti), assumed constant due 
to its large relative size. From thermodynamics, ℎ𝑖 = 𝑢𝑖 + 𝑝𝑖𝑣𝑖. The term 𝑝𝑖𝑣𝑖, frequently named 
flow work, explains the heating that occurs when gases are forced into a vessel. 
Figure 2.2 illustrates how the density of hydrogen in the vehicle vessel changes during the fill and 
how the temperature of the gas increases due to the compression. Fig. 2.2 shows that 
compressing hydrogen in the vehicle vessel to the 700 bar limit heats the hydrogen in all cases, 
but by smaller amounts if the initial station tank temperature Ti is lower. If the station hydrogen is 
initially at 300 K, the final delivered gas temperature in the vessel is 460 K, and increase of 160 
K. Alternatively, if we lower the temperature of hydrogen in the station tank to 200 K, we are able 
to deliver 38 g/L into the vehicle at a final temperature of 310 K at the 700 bar pressure limit. 
 
 
Fig. 2.2. Model results for automotive vessel temperature and density during the fill process as a function of pressure, 
assuming an initially empty vehicle vessel. Ref. [1] 
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 Safety 
Safety, both real and perceived, is an often-raised criticism of pressurized H2 storage. However, 
the safety risks of storing compressed fluids are not a simple function of pressure. The overall 
safety of pressure vessels can be counterintuitive, for although vessel wall strength and impact 
resistance increase directly with storage pressure, the maximum mechanical energy released by 
sudden expansion (e.g., in a vessel rupture) of the stored gas does not. 
Thermodynamically, the mechanical energy released during a sudden expansion can be 
calculated as ∆𝑈 = 𝑊 (according to the first law of thermodynamics), considering that sudden 
expansions are often rapid enough to be adiabatic. Therefore, the mechanical energy equals the 
adiabatic change in internal energy when the gas expands from storage pressure to ambient 
pressure while cooling down considerably in the process. 
The most dramatic and perhaps counterintuitive result from that equation is the radically lower 
theoretical burst energy of cold H2. Figure 2.3 shows the theoretical maximum specific mechanical 
energy released by a sudden adiabatic expansion to atmospheric pressure (e.g., in a vessel 
rupture) of high-pressure H2 gas from three temperatures (60, 150, and 300 K). 
 
 
Fig. 2.3. Calculated results for the maximum mechanical energy (per kg of H2) released on instantaneous expansion of 
H2 gas as function of initial storage pressure at 60, 150, and 300 K. Ref. [1] 
Counterintuitively, this maximum specific energy release increases only slightly with much higher 
H2 pressures. Raising vessel pressure to 700 bar (1000% increase from 70 bar) increases 
maximum specific mechanical energy release by only 10%, while shrinking vessel volume and 
strengthening vessel walls many times over. 
Cooling down the H2, on the other hand, considerably reduces specific expansion energy (by 
nearly an order of magnitude between 300 and 60 K). Low power-fuel-cells require smaller 
vessels, which can be better packaged on-board to withstand automobile collisions.   
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3 Codes and standards for hydrogen storage on-road 
 Introduction 
Codes and standards developed by industry enable the coordinated commercial deployment of a 
technology. The specify interfaces and expectations for operation so that components and 
systems made by diverse suppliers will work together. They also specify requirements for safe 
design, operation, and test standards for certifying performance. With global harmonization higher 
initial volumes can be realized, and thereby, the environmental benefits of these vehicles can be 
achieved more rapidly on global scale. 
A typical hydrogen storage system is illustrated in Fig. 3.1. It consists of a high-pressure 
containment vessel equipped with three components: a check valve, a temperature-activated 
pressure relief device (TPRD), and an automatic shutoff valve. The check valve prevents backflow 
of hydrogen gas. The TPRD opens when activated by fire. It releases hydrogen gas in a controlled 
manner (hydrogen gas then dissipates rapidly due to its high buoyancy). The automatic shutoff 
valve is installed in the fuel line to the power system (e.g., the fuel cell system). It is equipped to 
close automatically in the event of an accident, when the vehicle is not operating, or other specified 
conditions. It is important to note that the high-pressure part of the hydrogen storage system 
shown in Fig. 3.1 does not incorporate a pressure-activated pressure relief device (PRD). The 
responsibility to prevent overpressurization during refueling lies with the hydrogen fueling station.  
 
 
Fig. 3.1. Typical gaseous hydrogen storage system. Ref. [1] 
 Qualification test protocols 
Storage systems must function under stresses of 
1. expected (normal) vehicle operation, 
2. extreme service (externally imposed stresses and conditions of extreme usage), and 
3. fire. 
3.2.1 Expected Operation 
SAE J2579 provides an example of robust performance requirements that comprehensively 
address expected (normal) vehicle operations. The Expected Service (Pneumatic) Performance 
Test is illustrated in Fig. 3.2. Storage systems are subjected to high incidence of expected worst-
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case conditions and are required to perform without rupture or unacceptable leak/permeation. In 
addition, they must demonstrate residual strength after lifetime-equivalent durations of exposure 
to extreme stresses of vehicle service. 
Expected vehicles operations for storage systems include fueling, parking, and driving. In each 
case, stress is applied internally by high-pressure hydrogen. Performance must be demonstrated 
with hydrogen gas because the unique properties of hydrogen can create additional internally 
imposed stresses, caused by the small size of hydrogen molecules. 
 
 
Fig. 3.2. Expected service performance test. Ref. [1] 
The following features are key to achieving comprehensiveness with regard to the stressful 
fueling/defueling conditions that are tested: 
 Peak fueling pressure. Maximum stress is applied with fueling from 20 bar to 125% NWP at 
ambient (20°C) and high (+50°C) external temperatures, and fueling to 80% NWP at cold (-
40°C) external temperatures. Fueling protocols do not permit fueling above 80% NWP at -
40°C to ensure that systems are not overpressured if subsequently exposed to warmer 
temperatures. 
 Tank internal temperature and pressure at onset of fueling. A -40°C cold-soaked, fully filled 
system is subjected to rapid defueling (to create the coldest possible interior temperature 
conditions) followed by rapid heating from fueling with 25°C fuel and also with fuel at -35°C or 
less (expected at public fueling stations). In addition, a +50°C hot-soaked, empty (20-bar) 
system is subjected to the impact of -40°C fuel under fueling. 
 Number of expected fueling/defueling pressure cycles. The maximum number of high-stress 
full fueling/defueling cycles has been determined from (Lifetime vehicle range)/ (Driving range 
per full tank) = L/R. Under no circumstances is this expected service qualification test cycle 
number allowed to be less than 500 empty-to-full fuelings with hydrogen gas (500 = 150.000 
lifetime miles of driving/300 miles per fueling). 
 Interaction between fueling/defueling pressure/temperature cycles and the static stress 
associated with parking. 
3.2.2 Extreme Service Durability 
Storage systems used in on-board vehicles can be expected to encounter four types of externally 
imposed stresses: impact (drop during installation, road wear, and crash damage), fire, fueling 
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station malfunction (overpressurization), and environmental exposures. Crash performance is 
evaluated in government-required vehicle crash testing, for which fuel integrity requirements are 
established to manage fire risk due to leakage. SAE J2579 provides an example of robust 
performance requirements that comprehensively address these externally imposed stresses. The 
durability (Hydraulic) Performance Test: Extreme Conditions and Extended Usage requirement is 
illustrated in Figure 3.3. 
The worst-case factors to be applied include drop (e.g., from a forklift), expected in-service wear, 
and concentrated application of chemicals to punctures through external coatings with refreshed 
exposure throughout 48 h of high humidity with the system at full pressure, followed by a 
demonstration of the capability to sustain extreme usage in vehicle operations that include fueling, 
parking, and driving (defueling). 
 
 
Fig. 3.3. Durability performance test. Ref. [1] 
Surveys of gasoline passenger vehicles showed the extreme lifetime in miles has been about 
360.000. Since vehicles currently exceed 200 miles of travel with a full fuel tank, 360.000/200 = 
1800 exceeds the number of full fuelings in current vehicles. As the driving range per full fueling 
rises, the maximum number of full fuelings decreases. As an added assurance of residual strength 
for rupture prevention, consideration of additional numbers of refueling in the likelihood of partial 
fillings is accommodated in the qualification testing by considering a lifetime of fuelings at only 
one-third capacity, thereby requiring 3 x 1.830 = 5500 pressure cycles to 125% NWP.  
Requirements for fueling stations have been established that limit the refueling pressure to 125% 
NWP and require monitoring/intervention to limit a potential overpressurization to less than 150% 
NWP. As a worst case, exposure to overpressurization due to fueling station failure is assumed to 
occur 10 times during service life prior to extreme parking (static pressure) and extreme 
temperature refuelings. 
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Parking is associated with prolonged exposures to high pressure, which could cause fatigue and 
stress rupture. The worst-case exposure to static high pressure (full-fill parking) has been selected 
as 25 years under full-fill conditions (100% NWP). Experimental findings on tensile stress failure 
of representative strands used in composite wraps of pressure vessels are shown in Figures 3.4a 
and 3.4b. 
 
Fig. 3.4. Composite strand data: hours to failure under sustained tensile stress. (a) glass fiber composite strands; (b) 
carbon fiber composite strands. Ref. [1] 
In each case, failures were shown to be well represented by Weibull distributions, which have the 
characteristic that occur with the same probability fall on a straight line in log-log plots of the load 
fraction (load as a fraction of the median initial strength) plotted against time to failure when held 
under that load. Carbon strands appeared highly resistant to stress rupture. In contrast, glass 
strands fatigated more rapidly (much shorter time to failure for a given load fraction). 
Using the slope of lines in Fig. 3.4(a) one can conclude that for vessels with glass-fiber-composite 
strand wraps, the probability of failure for 25 years under tensile stress imparted by 100% NWP 
was equivalent to 1000 h under tensile stress imparted by 122% NWP at 85°C (extreme recorded 
under-hood temperature for a parked vehicle). 
3.2.3 Fire 
Reliable rupture-free performance is the paramount requirement for on-road service. In the event 
of a vehicle fire, rupture could be caused by fire damage of a storage vessel or by increase 
pressure of the contained gas. Therefore, storage systems are required to vent hydrogen in a 
controlled manner through a TPRD when exposed to fire. To verify this capability, storage systems 
are exposed to fire conditions that replicate worst-case conditions (temperature and timing) 
determined from studies of vehicle fires. 
 Acceptance Criteria 
The performance metrics for storage are the absence of rupture or unacceptable leak throughout 
service life. 
3.3.1 Criteria for Permeation and Leakage 
The maximum allowable discharge due to leakage and permeation from a hydrogen storage 
system was originally established at 150 Ncc H2/min for standard passenger vehicles to prevent 
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a buildup to 25% LFL (LFL of hydrogen in air is 4%) in a “very tight” 30.4-m3 garage with the lowest 
recorded 0.03 air changes per hour. The value is obtained from 
 
𝐶% = 100
𝑄𝐻2
𝑄𝑎𝑖𝑟 + 𝑄𝐻2
≅ 1% 𝐻2 𝑖𝑛 𝑡ℎ𝑒 𝑎𝑖𝑟 = 0.25 · 𝐿𝐹𝐿 
 
Eq. (3.1) 
where C% is the steady-state hydrogen concentration (percentage in air), Qair is the airflow rate, 
and QH2 is the hydrogen permeation rate. 
3.3.2 Residual strength: End-of-life Capability 
End-of-life strength, refers to residual strength to resist rupture after having survived compounded 
worst-cast extremes of service life. As shown in Fig. 3.4, this requirement is linked through strand 
data to the test criterion of 180% NWP for more than 4 min without rupture. 
 Temperature Specifications in Qualification Tests 
Temperature specifications in performance tests designed to confirm function during service (Fig. 
3.4) are linked to worst-case on-road requirements as follows: 
 Temperatures of -40°C and +50°C during pressure cycling correspond to nominal 
extremes in global ambient temperatures records that could be encountered repeatedly 
during vehicle service. 
 A temperature of 85°C during 1000h at 125% NWP has 3 elements of justification: 
a) The maximum temperatures known to have occurred within vehicles parked in 
direct sunlight on dark asphalt are in the range 80-85°C. 
b) Full-fill fuelings may commonly result in interior tank temperatures of 85°C. 
c) It has been observed that for many composites, the rate of reaction doubles 
with a 10°C increase in temperature. To this extent, 85°C represents a 27-fold 
time acceleration of these factors (1000h x 27 > 14 years) and can thereby 
emulate stress rupture in an accelerated manner.  
4 Design of a thin walled composite pressure vessel 
 Composites attractiveness  
Composite materials exhibit high specific strength and high specific modulus resulting in 
substantial reduction of weight of the components, thus improves efficiency, and results in energy 
savings (Fig. 4.1). One of the main advantages of composite materials is the flexibility involved in 
getting the desired strength and stiffness in the direction required.  
Structural materials such as steel and aluminum alloys are considered isotropic since they exhibit 
nearly equal properties irrespective of the direction of measurement. In case of composites, 
properties depend strongly on the direction of measurement. Many fiber reinforced composites 
have high internal damping which leads to better vibration energy absorption within the material 
and results in reduced transmission of noise and vibrations to neighboring structures. 
In addition, polymeric-matrix composites have a good corrosion resistance thanks to their 
polymeric phase, while metals are weak in this aspect. 
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Figure 4.1. Young’s Modulus – Density of main material. Ref. [15] 
 Comparison of different composite materials 
Two-phase composite materials are classified into three broad categories depending on the type, 
geometry and orientation of the reinforcement phase. 
Particulate composites consist of particles of various sizes and shapes randomly dispersed with 
the matrix. Because of the usual randomness of particle distribution, these composites can be 
regarded as quasi-homogenous and quasi-isotropic.  
Discontinuous fibers or short-fiber composites contain short fibers, nanotubes, or whiskers as the 
reinforcing phase. In the first instance, the composite material tends to be markedly anisotropic, 
or more specially, orthotropic, whereas in the second, it can be regarded as quasi-isotropic. 
Continuous fibers composites are reinforced by long continuous fibers and are the most efficient 
from the point of view of stiffness and strength. The continuous fibers can be all parallel 
(unidirectional continuous-fiber composite), can be oriented at right angles to each other (cross-
ply or woven fabric continuous-fiber composite) or can be oriented along several directions 
(multidirectional continuous-fiber composite). 
Fiber-reinforced composites can be classified into broad categories according to the matrix used: 
polymer-, metal-, ceramic-, and carbon-matrix composites.  
Polymer-matrix composites include thermoset (epoxy, polyimide, polyester) or thermoplastic 
(poly-ether-ether-ketone, polysulfone) resins reinforced with glass, carbon (graphite), aramid 
(Kevlar) or boron fibers. They are used primarily in relatively low-temperature applications. 
Metal-matrix composites consist of metals or alloys (aluminum, magnesium, titanium, copper) 
reinforced with boron, carbon or ceramic fibers. Their maximum use temperature is limited by the 
softening or melting temperature of the metal matrix (up to approximately 800°C). 
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Ceramic-matrix composites consist of ceramic matrices (silicon carbide, aluminum oxide, glass-
ceramic, silicon nitride) reinforced with ceramic fibers. They are best suited for very high-
temperature applications (exceeding 1000°C). 
Carbon/carbon composites consist of carbon or graphite matrix reinforced with graphite yarn or 
fabric. They have unique properties or relatively high stiffness and moderate or low strength at 
high temperatures coupled with low thermal expansion and low density. 
 Comparison of different continous fibers 
Fibers are principal constituents in fiber reinforced composite material. They occupy the large 
volume fraction in a composite laminate and share major portion of load acting on a composite.  
Glass fibers are the most commonly fiber used in low-to medium-performance composites 
because of their high tensile strength and low cost. They are limited in high-performance 
composite applications because of their relatively low stiffness, low fatigue endurance and rapid 
property degradation with exposure to severe hydrothermal conditions. 
Carbon fibers are very common in high-modulus and high-strength applications. The advantages 
of carbon fibers include high specific strength and modulus, low coefficient of thermal expansion 
and high fatigue strength. The precursor organic fibers, such as rayon or polyacrylonitrile (PAN), 
are initially drawn and oxidized under tension in air at temperatures between 200°C and 315°C. 
Then, they are carbonized by pyrolysis at a temperature above 800°C in a nitrogen atmosphere. 
At this stage, most fibers undergo surface treatment and sizing for use in composite 
manufacturing. This process yields high-strength and high-stiffness carbon fibers (AS4, T300, IM6, 
IM7). Graphite fibers, a subset of carbon fibers, are produced by further processing at 
temperatures above 2000°C. This process, called graphitization, result in enhanced crystallinity 
and produces ultrahigh-stiffness graphite fibers modulus over 410 GPa and increased thermal 
conductivity in the axial direction. 
Aramid fibers are an aromatic organic compound made of carbon, hydrogen, oxygen and nitrogen. 
Their advantages are low density, about half that that of glass, high tensile strength, low cost and 
high impact resistance. However, Kevlar composites have very low longitudinal compressive and 
transverse tensile strengths and are sensitive to moisture absorption.  
The basic of the superior performance of composites lies in the high specific strength (strength to 
density ratio) and high specific stiffness (modulus to density ratio). These two properties are 
controlled by the fibers. A two-dimensional comparative representation of some typical fibers from 
the point of view of specific strength and specific modulus is shown in Fig. 4.2. 
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Figure 4.2. Performance map of fibers used in structural composite materials. Ref. [2] 
You will note that tensile strength and tensile modulus, in carbon fibers, are almost inversely 
proportional, that is as the fibers become stronger in tension and resistant to breakage, they 
become less stiff. This means in high-performance applications, it is interesting to consider 
combining both carbon and graphite fibers in different layers. 
 Comparison of different polymeric-matrices 
Fibers because of their small-sectional dimensions are not directly usable in engineering 
applications. They are embedded in matrix materials to form fibrous composites. The matrix 
serves to bind the fibers together; transfer loads to the fibers and protects them against 
environmental attack and damage due to handling. 
Thermosets such as Polyester-matrix composites have good mechanical properties and low cost, 
but they are sensitive to elevated temperatures. The most highly developed of the thermoset 
polymers are epoxies of DGEBA type (diglycidyl ether of bisphenol A). They have better 
mechanical and thermal properties than polyesters.  
Depending on the type of hardening agent, that is, amine or anhydride, epoxies can be cured at 
different temperatures, typically 120°C or 175°C. The lower-temperature-curing epoxies are used 
in components exposed to low or moderate temperatures variations. Those cured at a higher 
temperature are used in high-performance components exposed to high temperature and moisture 
variations.  
Thermoplastics used as matrices for composites include polypropylene (PP), polypropylene 
sulfide (PPS), polysulfone, poly-ether-ether-ketone (PEEK) and thermoplastic polyimides. 
Compared to epoxies, thermoplastics can be processed more quickly and have much higher 
maximum use temperatures (up to 400°C) and fracture toughness, and are much less sensitive to 
moisture absorption. On the negative side, processing is not easily controlled, especially with 
crystalline or semi-crystalline thermoplastics. They exhibit appreciable temperature-dependent 
behavior (viscoelasticity) and shorter fatigue life. 
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 Anisotropy and orthotropy 
A material is anisotropic when its properties at a point vary with direction or depend on the 
orientation of reference axes. If the properties of the material along any direction are the same as 
those along a symmetric direction with respect to a plane, then that plane is defined as a plane of 
material symmetry. 
Of special relevance to composite materials are orthotropic materials, that is, materials having at 
least three mutually perpendicular planes of symmetry. The intersections of these planes define 
three mutually perpendicular axes, called principal axes of material symmetry or simply principal 
material axes. 
 Differences between lamina and laminate 
A lamina, or ply, is a plane layer of unidirectional fibers or woven fabric in a matrix. The lamina is 
an orthotropic material with principal material axes in the direction of the fibers (longitudinal), 
normal to the fibers in the plane of the lamina (in-plane transverse), and normal to the plane of the 
lamina (Fig.4.3).   
 
Fig. 4.3. Lamina and principal coordinate axes: (a) unidirectional reinforcement and (b) woven fabric reinforcement. 
Ref. [2] 
A laminate is made up of two or more unidirectional laminas or plies stacked together at various 
orientations (Fig. 4.4). The laminas can be of various thicknesses and consist of different 
materials. 
 
Fig.4.4. Multidirectional laminate and reference coordinate system. Ref. [2] 
Composite laminates are designed in a manner indicating the number, type, orientation and 
stacking sequence of the plies. The configuration of the laminate indicating its ply composition is 
called layup. 
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 How to analyze a composite material design 
Micromechanics is the study of the interactions of the constituents on this microscopic level. It 
deals with the state of deformation and stress in the constituents and local failures, such as fiber 
failure (tensile, buckling, splitting), matrix failure (tensile, compressive, shear) and interface failure 
(debonding). Micromechanics is particularly important in the study of properties such as failure 
mechanisms and strength, fracture toughness and fatigue life, which are strongly influenced by 
local characteristics that cannot be integrated or averaged. 
At the lamina level, it is usually more expeditious to consider the material homogeneous (material 
properties independent of location), albeit anisotropic, and use average properties in the analysis. 
This type of analysis is called macromechanics and considers the unidirectional lamina as a quasi-
homogeneous anisotropic material with its own average stiffness and strength properties. Failure 
criteria may be expressed in terms of average stresses and overall lamina strengths without 
reference to any local failure mechanisms. At the laminate level, the macromechanical analysis is 
applied in the form of lamination theory dealing with overall behavior as function of lamina 
properties and stacking sequence.  
Finally, ate the component or structure level, methods such as finite element analysis coupled with 
lamination theory may predict the overall behavior of the structure as well as the state of stress in 
each lamina. 
A schematic diagram of the various levels of consideration and the corresponding types of analysis 
is shown in Fig.4.5. 
 
Fig. 4.5. Levels of observation and types of analysis for composite materials. Ref. [2] 
 Micromechanical analysis 
The failure mechanisms and processes on a micromechanical scale vary with the type of loading 
and are intimately related to the properties of the constituents, that is, fiber, matrix and 
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interface/interphase. These micromechanical processes and the macroscopic strength predictions 
based on them are discussed below for distinct types of loading. In this chapter is demonstrated 
why carbon/epoxy composites are the best suited composites for high stiff and strength 
applications. 
4.8.1 Longitudinal tension loading 
Under longitudinal tension loading, the phase with the lower ultimate strain will fail first. For fiber-
dominated composites and 𝜀𝑓𝑡
𝑢 <  𝜀𝑚𝑡
𝑢 , the relation to determine the longitudinal strength is 
 
Eq. (4.1) 
According to this formula, one can relate the strength of the longitudinal strength of the bare fibers 
to the overall strength of the epoxy-composite. However, in this case the reality does not match 
with the theoretical calculations (see table 4.1).      
Material 
Theoretical 
strength [MPa] 
Experimental 
strength [MPa] 
glass/epoxy 1988 1140 
carbon/epoxy 2363 2280 
kevlar/epoxy 2329 1400 
Table 4.1. Expected longitudinal tensile strength and experimental strength of three epoxy-composites. Ref. [2] 
The mismatch between the numerical results, according to Eq. (4.1), and measured results is 
attributed to interface debonding after a fiber break, caused by a relatively high ultimate strain of 
the fibers, such as aramid and glass fibers.  
4.8.2 Longitudinal compression loading 
For higher values of Vf, the shear or in-phase mode buckling, produced by longitudinal 
compression loading, is predicted with a compressive strength 
 
Eq. (4.2) 
Flexural stresses in a fiber due to in-phase or shear mode buckling lead to the formation of kink 
zones, which can cause pronounced deformation in ductile fibers, such as aramid, or fracture 
planes in brittle fibers, such as carbon.  
Compressive strength predictions from Eq. (4.2) are much higher than experimentally measured 
values, as illustrated in Table 4.2 for three typical composite materials. The difference is attributed 
to preexisting fiber misalignment, which reduces the strength appreciably. 
 
 
Table 4.2. Predicted and measured longitudinal compressive strengths, F1c, MPa (ksi). Ref. [2] 
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4.8.3 Transverse tensile loading 
The most critical loading of a unidirectional composite is transverse tensile loading. The peak 
stress in the matrix for a square array is the normal stress at the interface along the loading 
direction. The stress concentration factor (𝑘𝜎), defined as the ratio of this peak stress to the applied 
average stress, is shown in Fig. 4.6 as a function of fiber volume ratio for three typical composites. 
Results shown were obtained by finite difference and photolelastic methods. 
 
Fig. 4.6. Stress concentration factor in matrix of unidirectional composites with square fiber array under transverse 
tension. Ref. [2] 
Assuming a maximum tensile stress or strain failure criterion, linear elastic behavior to failure for 
the matrix, and very stiff perfectly bonded fibers, one can predict the transverse tensile strength 
for a unidirectional composite, 
 
Eq. (4.3) 
where 𝜎𝑟𝑚 is the radial (maximum) residual stress and 𝑘𝜎 is the stress concentration factor. This 
residual stress appears in the process of cooling after heating the composite, due to the thermal 
anisotropy of the laminate (it is explained widely in chapter 4.11).   
4.8.4 Transverse compression loading  
Under transverse compression, the high compressive stress at the interface may cause 
compressive or shear failure in the matrix and/or fiber crushing. The predicted composite strength 
for failure mechanism is 
 
Eq. (4.4) 
where Fmc is the compressive strength of the matrix and 𝜎𝑟𝑚 is the maximum residual radial stress 
at the interface. Once again, the stress concentration factor plays a significant role in the 
transverse compression strength (see Eq. 4.4). 
4.8.5 In-plane shear loading  
Under in-plane shear a high shear stress concentration develops at the fiber/matrix interface. The 
in-plane shear strength of the composite based on matrix shear failure can be predicted as 
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Eq. (4.5) 
where Fms is the matrix shear strength and 𝑘𝜏 the shear stress concentration factor, which is related 
to the 𝐺12𝑓 , 𝐺𝑚 and Vf. 
4.8.6 Conclusions 
The best way to resume these micromechanical properties is gathering in a table all the tensile 
principal strengths of three of the most interesting epoxy-composites: 
Epoxy-composites E-glass/epoxy Kevlar/epoxy Carbon/epoxy 
𝑭𝟏𝒕 1140 1400 2280 
𝑭𝟐𝒕 39 30 57 
𝑭𝟔 89 49 76 
𝑭𝟏𝒄 620 335 1725 
𝑭𝟐𝒄 128 158 228 
Table 4.3. Tensile strengths of 3 typical epoxy-composites. Units in MPa. Ref. [2] 
Rapidly, one can see above that carbon/epoxy composites are the most suited for high strength 
applications.   
 Macromechanical analysis (lamination theory) 
4.9.1 Description of the First Ply Failure (FPF) approach 
The goal of this computation is twofold: to determine the safety factor for a given loading and to 
determine the strength components of the lamina referred to any system of coordinates.  
A flowchart for computation of safety factors and strength components of a general multidirectional 
laminate is shown in Fig. 4.7. It is based in the Tsai-Wu failure criterion and the FPF approach. 
The procedure for determination of safety factors consists of the following steps: 
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Fig. 4.7. Flowchart for stress and failure analysis of multidirectional laminates (FPF; Tsai-Wu criterion). Ref. [2] 
4.9.2 Step 1: Ply stiffnesses [𝐐]𝟏,𝟐
𝐤   
Every thin, unidirectional and orthotropic lamina k of the laminate is assumed to be under state of 
plane stress; therefore, the stress-strain relations in the following equations are applicable: 
 
Eq. (4.6) 
According to the Hooke’s law, the relations above can be expressed in terms of engineering 
constants by noting that 
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Eq. (4.7) 
Thus, as far as the in-plane stress-strain relations are concerned, a single orthotropic lamina k 
can be fully characterized by four independent constants – the four stiffnesses Q11, Q22, Q12 and 
Q66; or four engineering constants E1, E2, G12 and v12. 
4.9.3 Step 2: Transformed layer stiffnesses [𝐐]𝐱,𝐲
𝐤  
When the lamina k is loaded along arbitrary axes x and y, the stress-strain relations take the form 
 
Eq. (4.8) 
where  
 
 
Eq. (4.9) 
and  
 
 
Eq. (4.10) 
where 
 
 
Eq. (4.11) 
The angle 𝜃 is measured positive counterclockwise from the x-axis to the 1-axis.  
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4.9.4 Step 3: Laminate stiffness matrices [A], [B] and [D] 
The average stresses in each layer are determined by knowing the reference plain strains [𝜀°]𝑥𝑦, 
the curvatures [𝑘]𝑥𝑦 of the laminate, the location of the layer midplane zk (see Fig. 4.8), and its 
transformed stiffness matrix [𝑄]𝑥𝑦
𝑘 : 
 
Eq. (4.12) 
 
 
Fig. 4.8. Layer k and Zk within laminate. Ref. [2] 
Because of the discontinuous variation of stresses from layer to layer (see Fig. 4.9), due to the 
discontinuous transformed stiffness variation matrix [Q]xy, it is more convenient to deal with the 
integrated effect of these stresses on the laminate (Fig. 4.10): 
 
Eq. 
(4.13) 
and 
 
 
Eq. 
(4.14) 
where  
 
 
Eq. (4.15) 
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Fig. 4.9. Illustration of linear strain variation and discontinuous stress variation in multidirectional laminate. Ref. [2] 
 
Fig. 4.10. Element of single layer with force and moment resultants. Ref. [2] 
The expressions above can be combined into one general expression relating in-plane forces and 
moments to reference plain strains and curvatures: 
 
Eq. (4.16) 
 
The relations above are expressed in terms of three laminate stiffness matrices, [A], [B] and [D], 
which are functions of the geometry, material properties, and stacking sequence of the individual 
plies. They are the average elastic parameters of the multidirectional laminate. 
4.9.5 Step 4: Laminate compliance matrix [a], [b], [c] and [d] 
Since multidirectional laminates are characterized by stress discontinuities from ply to ply, it is 
preferable to work with strains, which are continuous through the thickness. For this reason, it is 
necessary to invert the load-deformation relations and express strains and curvatures as a 
function of applied loads and moments: 
 
Eq. (4.17) 
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Here, matrices [a], [b], [c] and [d] are the laminate compliance matrices obtained from the stiffness 
matrices as follows: 
 
Eq. (4.18) 
where 
 
 
Eq. (4.19) 
 
4.9.6 Step 5: Layer strains [𝛆]𝟏𝟐
𝐤  and layer stresses [𝛔]𝟏𝟐
𝐤   
The laminate strains, which are uniform through the thickness (h), are equal to the reference plane 
strains and to the strains of any layer k and are related to the applied forces by the force-
deformation relations in Eq. (4.17): 
 
Eq. (4.20) 
 
The strains in layer k referred to its principal material axes are obtained by transformation as 
 
Eq. (4.21) 
and the corresponding stresses are 
 
 
Eq. (4.22) 
4.9.7 Step 6: Layer safety factors (Sfk)  
The safety factor Sf for a given two-dimensional state of stress σi (σ1, σ2, τ6) is a multiplier that is 
applied to all stress components to produce a critical or failure state. Thus, for a given state of 
stress (σ1, σ2, τ6), the state of stress at failure is (Sf·σ1, Sf·σ2, Sf·τ6). This criterion takes the form 
 
Eq. (4.23) 
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or 
 
Eq. (4.24) 
 
where 
 
Eq. (4.25) 
 
and 
 
 
 
Eq. (4.26) 
 
where Fij are the basic lamina strengths. 
Thus, the problem of determining the safety factor is reduced to that of solving 
 
Eq. (4.27) 
 
The procedure above is carried out repeatedly for all layers of the laminate to find the minimum 
values of Sfka and Sfkr. These minimum values are the safety factors of the laminate for the actual 
and reversed loadings. Thus 
 
Eq. (4.28) 
 
4.9.8 Step 7: Minimum thickness for different layups 
The required minimum thickness of a composite layup laminate can be easily approximated by 
calculating the minimum safety factor of a single layup laminate and then, comparing it to the 
allowable safety factor (Sall) of the design, in order to know how far is that laminate to the optimum. 
With this method, one can find the number of layups (m) required to withstand correctly the loading 
conditions.     
4.9.8.1 Crossply [0m/90n]s Laminates 
Since the ratio of hoop stress to axial stress is 2:1 (see chapter 4.11), a similar ratio of the number 
of 90° and 0° layers, or n:m, is selected initially. First, the safety factor Sf  is obtained for a [0/902]s 
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laminate of the material investigated, the thickness of which is ho = 6t, that is, six ply thickness. 
The multiplies mi and ni for the initial trial are obtained as 
 
Eq. (4.29) 
where 𝑆𝑎𝑙𝑙 is the allowable safety factor for the design, and the allowable laminate thickness is ha 
= 6mt = mho. The optimum choice from the point of view of weight is reached by trying different 
values of m and n around the initial guess until the sum (m + n) is minimized. 
4.9.8.2 Angle-Ply [±𝜽]𝒏𝒔 Laminates 
Optimization of this type of laminate involves only one variable, 𝜃. This is accomplished by 
selecting the angle 𝜃 for the basic laminate unit [±𝜃]𝑠 that maximizes the safety factor Sf. The 
basic laminate unit has a thickness ho = 4t, that is, four ply thicknesses. Then the allowable 
laminate thickness is  
 
 
Eq. (4.30) 
4.9.8.3 Quasi-isotropic [𝟎/±𝟒𝟓/𝟗𝟎]𝒏𝒔 Laminates 
In this case, the basic laminate unit has a thickness ho = 8t. Then the allowable laminate thickness 
is 
 
 
Eq. (4.31) 
4.9.8.4 Woven fabric  [𝜽]𝒏 Laminates 
An orthogonal woven fabric consists of two sets of interlaced yarns. The longitudinal direction of 
the fabric is called warp and the transverse direction weft of fill. The distinct types or styles of fabric 
are characterized by the repeat pattern of the interlaced regions as shown in Fig. 4.11. In the plain 
weave, for example, each yarn is interlaced over every other yarn in the other direction, that is, 
the smallest number of yarns involved in the repeat pattern in any direction is two. In satin weaves 
each yarn is interlaced over every fourth, fifth and so on, yarn in the other directions. These 
weaves are referred to as four-harness (4H), five-harness (5H), and so on, satin weaves. 
 
 
Fig. 4.11. Examples of fabric weave styles. Ref. [2] 
Like angle-ply laminates this kind of layups involve only one variable, 𝜃. The basic laminate unit 
has a thickness ho = t, that is just one ply thickness. Then the allowable laminate thickness is 
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ℎ𝑎 =
𝑆𝑎𝑙𝑙
𝑆𝑓
𝑡 
 
Eq. (4.32) 
 Hygrothermal effects on carbon/epoxy composites 
Since the fibers are usually the least sensitive to environment, hygrothermal (humidity and 
temperature) effects are most noticeable in matrix-dominated properties, for example transverse 
tensile, transverse compressive, in plane-shear, and longitudinal compressive properties. Fig. 
4.12 illustrates the degradation of stiffness and strength properties with temperature of an 
intermediate-strength carbon/epoxy. It is seen that fiber-dominated properties of longitudinal 
modulus and tensile strength decrease by only approximately less than 2% at 85°C (maximum 
service temperature for hydrogen storage on-road). In the other hand, matrix dominated properties 
degrade by less than 10% at 85°C. 
 
Fig. 4.12. Temperature effects on elastic and strength properties of a typical carbon/epoxy composite. Ref. [2] 
The most deleterious effects on stiffness and strength are produced by combination of elevated 
temperature and high moisture concentration. This is further illustrated in Fig. 4.13, where it is 
shown that the torsional stiffness under cyclic loading degrades most at high temperatures and 
moisture concentration. 
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Fig. 4.13. Torsional stiffness degradation of carbon/epoxy composite under cycling loading under various 
hygrothermal conditions. Ref. [2] 
Since in the worst-case factors (see chapter 3) for a high-pressure vessel on-road do not included 
hot water or temperature expositions over 85°C, it was decided to neglect hygrothermal effects on 
the carbon/epoxy composite for this thesis. 
4.10.1 Residual stresses 
To prevent fatigue problems is important to study and minimize residual stresses introduced in 
laminates during fabrication. There exist residual stresses on a macroscopic level, due to the 
thermal anisotropy of the layers and the heterogeneity of the laminate. During processing at 
elevated temperatures, there is a certain temperature at which the composite material is assumed 
to be stress free. This temperature level may be taken as the glass transition temperature of the 
polymer matrix. Residual stresses develop in the initially stress-free laminate if the thermally 
anisotropic plies are oriented along different directions, due to their different coefficients of thermal 
expansion (α1 and α2). The variation of the transformed αx for a unidirectional lamina with fiber 
orientation 𝜃 is illustrated in Fig. 4.14, where it is compared with the αx of the angle-ply laminate 
[±𝜃]s and the thermally isotropic laminate. Residual stresses are a function of many parameters, 
such as ply orientation, curing process, fiber volume ratio, and other material and processing 
variables. 
 
Fig. 4.14. Coefficients of thermal expansion as a function of fiber orientation (AS4/3501-6 carbon/epoxy). Ref. [2] 
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Lamination residual stresses can be analyzed by using lamination theory and lamina properties. 
The procedure for elastic analysis of thermal residual stresses consists of the following steps: 
1. Determine the free thermal strains in each layer (𝑒𝑖 = 𝛼𝑖∆𝑇) by introducing the difference 
∆𝑇 between ambient and stress-free temperature. 
2. Calculate the thermal forces and moments 𝑁𝑖
𝑇 and 𝑀𝑖
𝑇using these definitions: 
 
 
Eq. (4.33) 
where 𝑡 𝑘 = 𝑧𝑘 − 𝑧𝑘−1is the thickness of the lamina k. 
3. Determine the midplane strains 𝜀𝑖
𝑜 from the thermal strain-stress relations, 
 
 
Eq. (4.34) 
4. Determine the stress-induced (elastic) strains in each layer k using 
 
Eq. (4.35) 
5. Transform these strains to the lamina principal axes as shown by 
 
Eq. (4.36) 
6. Calculate the residual (thermal) stresses using the stress-strain relations  
 
Eq. (4.37) 
As an example, residual stresses in a ply of a [±𝜃]𝑠 angle-ply carbon/epoxy laminate were 
calculated as a function of the fiber orientation 𝜃 and plotted in Fig. 4.15. The nominal lamina 
stresses σ1 and σ2 are equal and opposite in sign and reach the maximum values for 45°. 
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4.15. Residual stresses at room temperature in layer of [±𝜃]𝑠 carbon/epoxy laminate (AS4/3501-6). Ref. [2] 
A clear manifestation of lamination residual stresses is shown in Fig. 4.16. Before failure the 
laminate was flat under the self-equilibrated residual stresses. In the[±45𝐶/0𝐺/0𝐶] laminate failure 
of the 0° carbon plies caused delamination of the outer three-ply (±45𝐶/0𝐺) sublaminate. 
 
 
Fig. 4.16. Characteristic failure patterns in a carbon/S-glass/epoxy specimen under uniaxial tensile loading, illustrating 
presence of residual stresses. Ref. [2] 
 Definition of thin-walled pressure vessels stresses  
4.11.1 Stresses 
The stresses 𝜎𝑧 in the axial direction of a cylindrical pressure vessel with closed ends are found 
using this relation (see Fig. 4.17): 
𝑝 (
𝜋𝑑2
4
 ) =  𝜎𝑧(𝜋𝑑𝑏) 
 
𝜎𝑧  = ( 
 𝑑
4𝑏
 ) 𝑝 
 
Eq. (4.38) 
 
Figure 4.17. Free-body diagram for axial stress in a closed-end vessel. Ref. [6] 
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However, a different view is needed to obtain the circumferential or “hoop” stresses 𝜎𝜃. 
Considering an axial section of unit length, the force balance for Fig. 4.18 gives: 
 
2𝜎𝜃(𝑏𝑙) =  𝑝(𝑑𝑙) 
 
𝜎𝜃 =  ( 
𝑑
2𝑏
 ) 𝑝 
 
Eq. (4.39) 
 
Figure 4.18. Hoop stresses in a cylindrical pressure vessel. Ref. [6] 
Note the hoop stresses are twice the axial stresses. This result - different stresses in 
different directions - occurs often in engineering structures, and shows one of the 
compelling advantages for engineered materials that can be made stronger in one direction 
than another (the property of anisotropy). If a pressure vessel constructed of conventional 
isotropic material is made thick enough to keep the hoop stresses below yield, it will be 
twice as strong as it needs to be in the axial direction. In applications placing a premium 
on weight this may well be something to avoid. 
4.11.2 The “magic angle” 
Consider a cylindrical pressure vessel to be constructed by unidirectional fiber composite, 
in which fibers are laid down at a prescribed helical angle α (see Fig. 4.19).  
 
Figure 4.19. Filament-wound cylindrical pressure vessel. Ref. [6] 
Taking a free body of unit axial dimension along which n fibers transmitting tension T are 
present, the circumferential distance cut by these same n fibers is then tan α. To balance 
the hoop and axial stresses, the fiber tensions must satisfy the relations: 
 
 
Eq. (4.40) 
 
Dividing the first of these expressions by the second and rearranging, we have: 
 
 
Eq. (4.41) 
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This is the “magic angle” for filament wound vessels, at which the fibers are inclined just 
enough toward the circumferential direction to make the vessel twice as strong 
circumferentially as it is axially. Firefighting hoses are also braided at this same angle, 
since otherwise the nozzle would jump forward or backward when the valve is opened and 
the fibers try to align themselves along the correct direction. 
 Diameter definition 
The pressure vessel selected has to storage high pressure hydrogen gas at 300 bar for a 
PEM fuel cell which charges the batteries of a common bicycle. The fuel cell has 200 W of 
power and the hydrogen storage system must provide to the rider a distance range of 100 
km approximately (at 25 km/h). Considering hydrogen gas at 300 bar occupies 22 g/L and 
stores an energy of 120,9 kJ/kg (33,6 kWh/kg), one can predict the minimum mass that 
should be stored in the containment: 
 
𝑚𝑎𝑠𝑠 =
200 𝑊 · 100𝑘𝑚
25 𝑘𝑚/ℎ · 0,6 · 33583,333 𝑊ℎ/𝑘𝑔 ·
1
1000
= 40 𝑔 (1,82 𝐿 𝐻2) 
 
Eq. (4.42) 
Since the pressure vessel is made of high stiff and high strength carbon fiber it was decided 
to replace it by the down tube of the bike frame. In this way, the fuel cell bike is perceived 
more as a current bike. The length of a typical down tube is around 700 mm, then the 
diameter of our pressure vessel was found with the following relation:  
 
𝑑 = √
4 · 1,82𝑑𝑚3 · 106
𝜋 · 700𝑚𝑚
= 57,54 𝑚𝑚 
 
Eq. (4.43) 
 
 2D simplified stress analysis of a bike 
In addition to the pressure loading caused by the hydrogen gas, also it must be considered the 
forces transmitted by the frame bike, since the pressure vessel is part of the bike structure. To 
study this loadings on the bike it was used a beam finite element analysis with the simulation 
software NX Nastran. Nastran is a finite element (FE) solver for stress, vibration, buckling, 
structural failure, heat transfer, acoustics and aeroelasticity analyses. Many companies rely on NX 
Nastran software for their critical engineering computing needs so they can produce safe, reliable 
and optimized designs within increasingly shorter design cycles. 
First step was to define the boundary conditions of the frame, loadings and restrictions. Fig. 4.20 
shows how the frame was loaded and fixed in the 2D space: red arrows represent 2000 N and 
300 N, respectively from left to right; and restrictions fix displacements x and y in the back side, 
and both displacements and z momentum in the front.    
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Fig. 4.20. Boundary conditions of a 2D standard bike frame. 
To see how both forces distribute in the bike frame, a force analysis solution was considered (see 
Fig. 4.21). Although this analysis is focused on the down tube of the frame, it is seen the main 
forces are located in the back tube (1764 N). The force in the down tube is, as shown in Fig. 4.21, 
885 N.       
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Fig. 4.21. Stress solution of the finite element analysis. 
 Results of the lamination therory 
The high-pressure vessel selected for this study, which keeps the fuel for bike fuel cell and in the 
same time is part of the frame, has the following characteristics: an exterior diameter of 6 cm; an 
internal pressure of 300 bar; and a traction force of 885 N (see Fig.4.22). The objective is to find 
a layup laminate suited for this kind of loadings and make the design as light as possible. The 
allowable safety factor (Sall) is 2 and the failure criterion used is Tasi-Wu failure criterion with the 
FPF approach, commented before. 
 
Fig. 4.22. Thin-wall cylindrical pressure vessel under internal pressure. Ref. [2] 
The unit loads acting on an element of the cylindrical shell along the axial and hoop directions (x 
and y in Fig.4.22) are obtained, according to chapter 4.11: 
𝑁𝑥 = 𝜎𝑥ℎ =
𝑝𝐷
4
+
𝐹
𝜋𝐷
 
 
 
 
𝑁𝑠 = 0 
 
Eq. (4.44) 
Substituting the data given in Eq. (4.44), we obtain: 
 
𝑁𝑥 = 450 
𝑘𝑁
𝑚
+ 4,7 
𝑘𝑁
𝑚
= 454,7 
𝑘𝑁
𝑚
 
 
𝑁𝑦 = 900 
𝑘𝑁
𝑚
 
 
Eq. (4.45) 
Then, following the steps in chapter 4.9, it was calculated the minimum thickness for angle-ply 
[±𝜃]𝑛𝑠 and woven fabric [𝜃]𝑛 laminates for several angles, in order to find the angle 𝜃 which made 
the layup laminates stronger. Thus, the allowable thickness ℎ𝑎 was plotted versus 𝜃 for both layups 
(see Fig. 4.23 (a) and 4.23 (b)). 
  
September 11, 2017 Albert Aragonès Morros  42/63 
 
(a) 
 
(b) 
Fig. 4.23. Effect of lamination angle on the allowable thickness. (a) angle-ply[±𝜃]𝑛𝑠 laminate; (b)woven fabric [𝜃]𝑛 
laminate. 
As shown above, the optimum angles for angle-ply and woven fabric layup laminates, are 55° and 
0°, respectively. Here, lamination theory (Fig. 4.23) and the “magic angle” (chapter 4.11.2) 
calculations agree on the 55° ply orientation. 
Besides, in order to enhance the strength of the lamination design, why not changing a bit the 
laminate configuration and adding different angle layers in the angle-ply [±𝜃]𝑛𝑠 laminate, such as 
0° or 90°. Then, when the lamination configuration is changed the optimum angle of the angle-ply 
laminate (𝜃) may change too. So, if it is considered two symmetric up-dated angle-ply laminates 
as [±𝜃/90]𝑠 and [±𝜃/0]𝑠 the respectively optimum angles now are 45° and 67°.  
Just after these calculations it was possible to build a ranking with six of the commented laminate 
layups considering their allowable thickness (hall) (see Fig. 4.24).     
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Fig. 4.24. Ranking of different laminate layups according to their thickness using: woven fabric (w) and unidirectional 
(ud) typical carbon/epoxy composites. 
One can observe that the optimum layup laminate is the woven fabric carbon/epoxy composite, 
whose allowable thickness is 50 % lower than the following one. First Ply Failure (FPF) approach 
analyzes one by one the different layers of the lamination and compares the stress with the layer 
strength. The reason why woven fabric layers seem to be stronger than the single unidirectional 
ones, is that the first has a higher tensile transverse strength (see Table 4.5).    
In the other hand, it was studied also different type of unidirectional carbon fibers, for example a 
stiffer carbon reinforcement (IM7) than the one used before (AS4). Fig. 4.25 shows that using a 
30% stiffer composite the laminate thickness is 43% reduced. 
 
 
Fig.4.25. Comparison of two different carbon/epoxy composites according to their allowable thickness. 
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With this stiffer unidirectional composite layup, the laminate thickness is less than a millimeter 
thicker than woven fabric layup. The reason is that using stiffer fibers in unidirectional layers 
reduces the transverse stress (the weakness of unidirectional plies). 
Table 4.4 contains some interesting mechanical properties of three carbon/epoxy composites that 
shows what was commented before. 
 
Property 
UD 
(AS4/epoxy) 
UD 
(IM7/epoxy) 
WF 
Layer thickness 
[mm] 
0,127 0,127 0,127 
𝑬𝟏 [GPa] 147 190 77 
𝑬𝟐  [GPa] 10,3 9,9 75 
𝒗𝟏𝟐 0,27 0,35 0.06 
𝑭𝟏𝒕  [MPa] 2280 3250 963 
𝑭𝟐𝒕  [MPa] 57 62 856 
Table 4.4. Some mechanical properties of 2 standard unidirectional and woven fabric carbon/epoxy composites. UD 
(Unidirectional); WF (Woven Fabric). Ref. [2] 
5 Structural analysis 
At the component or structure level, methods such as finite element analysis coupled with 
lamination theory (see chapter 4.9) may predict the overall behavior of the structure as well as 
the state of stress in each lamina. 
 Advantages of Kevlar composites 
Kevlar layers provide the laminate with better impact energy and a characteristic way of failure 
which prevents carbon fiber particles flying out in a fatal burst (see Fig. 5.1). Kevlar has a higher 
ultimate strain than carbon fiber (𝜀𝐾𝑒𝑣𝑙𝑎𝑟
𝑢 ≈ 2 · 𝜀𝐶𝑎𝑟𝑏𝑜𝑛
𝑢 ), thereby instead of failing in a brittle way, 
aramid fibers absorb more energy before failing. Thus, adding Kevlar plies in the laminate will 
make the laminate design much safer.   
 
 
(a) 
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(b) 
Fig. 5.1. Carbon fiber (a) vs. Kevlar fiber composite failure. Ref. [12] [13] 
 Introduction to NX Nastran Laminate Composites simulations 
It is prohibitively expensive to create prototypes of products made from composites, so simulation 
must play a key role in the development of new products using laminate composite materials. NX 
Nastran Laminate Composites is a software modular NX simulation toolset for laminate composite 
structures. Easy-to-use ply and definition tools enable you to quickly create a finite element models 
representing your laminate composite design. Post-processing tools and advanced reporting tools 
allow you to efficiently identify problem areas from your simulation results.   
NX Laminate Composites Simulation Process consists in the following steps: 
1. Create a geometry using NX. 
2. Create the FEM and Simulation files, selecting the solver and solution type. 
3. Mesh the part. 
4. Define of import the composite materials data. 
5. Model the laminate using a variety of techniques. 
6. Validate the laminate. 
7. Apply boundary conditions. 
8. Solve the model. 
The ply-based process (steps 3 to 6 are included) consists in 7 steps: 
1. Create your mesh using shell elements. 
2. Set the material orientation. 
3. On the mesh collector, create a laminate physical property and set the stacking recipe to 
Inherited from layup. 
4. Create a global layup by: 
• Creating plies and stacking them in order to achieve desired properties. 
• Selecting or creating the materials best suited to your application. 
• Attaching the plies to the mesh or the geometry using Draping options. 
5. Create zones. 
6. Validate your layup. 
7. Inflate your layup. 
 
 High-pressure hydrogen vessel simulations using NX Nastran 
5.3.1 Laminate modeling of an angle-ply [±𝟓𝟓]𝒔 laminate vessel 
With a 3D model of the high-pressure vessel the first step is to define the ply material. In this case 
the composite layer was defined directly as an orthotropic material setting the global mechanical 
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properties of a single unidirectional carbon/epoxy ply IM7/977-3 (see appendix 1). Fig. 5.2 shows 
the orthotropic material defining window with the mechanical properties which define a linear 
elastic behavior of the material under loading. Besides, it was defined with the same method a 
Kevlar/epoxy composite ply. 
 
 
Fig. 5.2. Ply material creation. 
Next step was to create the global layup, where it is found the ply material and thickness of every 
layer. Fig. 5.3 shows the definition of a single layup laminate [55𝐶/55𝐾/−55𝐶/−55𝐶/−55𝐾/55𝐶], 
where C is carbon/epoxy and K is Kevlar/epoxy composite. Every layer is composed of 2 sublayers 
or “phases” due to the chosen draping method. This layup showed in the window was draped over 
4 more times in order to achieve the required strength, according to the lamination theory (see 
chapter 4.15). 
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Fig. 5.3. Global layup definition. 
Once the layer was created, it was draped over the vessel with a seed curve draping path. For 
each angle (+55° and -55°) there were two helixes acting as seed curves and two helical faces to 
drape over (see Fig. 5.4). In Fig. 5.4 there is a draping data of one 55° helical surface where the 
layer was draped over. 
 
 
Fig. 5.4. Draping data. 
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Then, NX Laminate Composites enables to extrude the whole laminate and transformed 2D 
meshes in a 3D. By doing this it is seen the wrapped result and how the layers would merge with 
each other (see Fig. 5.5). 
 
Fig. 5.5. 3D extrusion. 
When the whole 3D mesh was defined, there was set the boundary conditions. The boundary 
conditions implied two loadings: 300 bar of pressure inside the vessel and 885 N of force on each 
end (see Fig. 5.6). Besides, it was fixed a punctual restriction in the middle of the tank, leaving 
free its expansion in all directions.      
 
Fig. 5.6. Boundary conditions. 
Finally, the composite design was solved in order to find problematic zones. Fig. 5.7 shows the 
three principal fiber stresses: longitudinal, transverse and in-plane shear stress, from top to bottom 
respectively. Rapidly, it is observed that longitudinal stresses withstand the main forces, but as 
longitudinal strength is the highest of the material, it means the composite layers are correctly 
oriented.  
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Fig. 5.7. Laminates post-processing. 
5.3.2 Laminate modeling of a woven fabric laminate vessel 
For this design, like the first design, the composite ply material was defined as an orthotropic 
material, setting the global mechanical properties of a single woven fabric carbon/epoxy ply 
AGP370-5H/3501-6S (see appendix 1).  
Then, to create the global layup laminate, it was defined every single layer to form the layup 
laminate [0𝐶/0𝐶/0𝐾], where C is carbon/epoxy and K is Kevlar/epoxy composite (see Fig. 5.8). 
Every layer is composed of two sublayers, “up” and “down”, and they simulate the fabrication result 
of the vessel, which needs to be draped perpendicularly from both sites. This layup showed in Fig. 
5.8 was draped over 8 more times to achieve the required strength, according to the lamination 
theory.     
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Fig. 5.8. Global layup definition. 
Once all layers were created, “up” composite layers where projected perpendicularly on the left 
side of the vessel and “down” on the right side, simulating the fabrication process. This draping 
method is shown in Fig. 5.9, where is seen the right or “down” side draping data definition. 
 
 
Fig. 5.9. Draping data. 
The boundary conditions are the same as the angle-ply laminates (see Fig.5.6). 
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Finally, the composite design was solved in order to find problematic zones. Fig. 5.10 shows the 
three principal fiber stresses: longitudinal, transverse and in-plane shear stress, from top to bottom 
respectively. Unlike angle-ply laminate, both longitudinal and transverse stresses show similar 
stresses, but as fabric layers withstand equally this kind of stresses, there are not problematic 
zones. It has to be pointed out critical zones of transverse stresses are located where the forces 
are applied.    
 
 
Fig. 5.10. Laminates post-processing. 
 
5.3.3 Results of the simulations 
For an easier analysis, longitudinal and transverse stresses were split in two different tables, 
where the margins of safety were calculated dividing the right principal strength to the maximum 
stress. Besides, as carbon and Kevlar/epoxies have different strength properties, both composites 
were also analyzed separately. By doing this, the lamination designs of the vessel can be correctly 
validated if the margin of safety is over the global margin of safety, set it previously at 2.  
Table 5.1 shows both carbon/epoxy designs with longitudinal margins of safety over 2, even a 
margin of 6, which is explained by the high longitudinal strength of unidirectional IM7/977-3 
carbon/epoxy composites. In the other hand, table 5.2 shows a transverse margin of safety below 
2, this corresponds to the angle-ply carbon/epoxy layers, and reflects the weakness of 
unidirectional composites.     
 
Layup design 
Maximum 
stresses 
Longitudinal 
strength (F1t) 
Margin of 
safety 
Angle-ply 
[±𝟓𝟓] 
546 MPa 3250 MPa 6 
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Woven fabric 280 MPa 963 MPa 3,4 
Table 5.1. Longitudinal maximum stresses and margin of safety for carbon/epoxy layers. 
 
Layup design 
Maximum 
stress 
Transverse 
strength (F2t) 
Margin of 
safety 
Angle-ply 
[±𝟓𝟓] 
40 Mpa 62 Mpa 1,5 
Woven fabric 126 MPa 856 MPa 6,8 
Table 5.2. Transverse maximum stresses and margin of safety for carbon/epoxy layers. 
Kevlar/epoxies offer lower strength properties, so it can be expected lower margins of safety from 
these layers. Table 5.3 shows the longitudinal margins of safety for Kevlar/epoxies, where a 
margin of 1,3 points shows a weak design in this direction. Then, table 5.4 points out what was 
commented before about the unidirectional transverse weakness, and as Kevlar/epoxy transverse 
strength is even lower the margin is more critical.      
 
Layup design 
Maximum 
stresses 
Longitudinal 
strength (F1t) 
Margin of 
safety 
Angle-ply 
[±𝟓𝟓] 
546 MPa 1400 MPa 2,6 
Woven fabric 280 MPa 369 MPa 1,3 
Table 5.3. Longitudinal maximum stresses and margin of safety for Kevlar/epoxy layers. 
 
Layup design 
Maximum 
stress 
Transverse 
strength (F2t) 
Margin of 
safety 
Angle-ply 
[±𝟓𝟓] 
40 MPa 30 MPa 0,75 
Woven fabric 126 369 MPa 2,9 
Table 5.4. Transverse maximum stresses and margin of safety for Kevlar/epoxy layers. 
5.3.4 Conclusions 
It was seen in the results that Kevlar/epoxies are not as strong as carbon/epoxies and they need 
a special attention. This attention must be focused in the transverse stresses of the unidirectional 
composites which even overcame the transverse strength (see table 5.4). A possible solution to 
enhance the angle-ply design is to wrap low angle helical layers, such as 10°.  
In the other hand, woven fabric design layup, according to the simulation results, maintain its 
margin over the global margin of safety, so it can be defined as a reliable design. 
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6 Hydrogen barrier 
 Comparison between general barrier materials 
The outer layers of the pressure vessel, which will be a reinforced thermoset (carbon/epoxy), is 
very permeable to hydrogen gas due to the formation of microcracks during the spooling process 
and does not provide any barrier characteristics. 
Plastics exhibits several advantages over metals, such as its light weight and ease of fabrication. 
No plausible mechanism was found for the degradation of polymeric materials in the presence of 
pure hydrogen. The absence of anticipate degradation is due to lack of chemical interactions 
between hydrogen and polymers, what means very low solubility coefficients of hydrogen in 
polymeric materials. Unlike metals, hydrogen does not dissociate prior to dissolution in the 
polymer material. 
 Permeation issue 
The permeation is a mass transport process in which molecules transfer through the polymer 
from the ‘exterior’ environment to the ‘interior’ environment, or vice versa, through diffusive 
processes. Mass uptake transport in polymers proceeds through a combination of: 
• Dissolution of molecules in the polymer following absorption at the surface. 
• Diffusion of molecules through the material, driven by concentration gradients. 
• Desorption from the surface of the material. 
 Solubility and diffusion 
Solubility of a gas in a polymer involves an intimate interaction between the polymer and gas 
molecules. Diffusion is a purely physical process of a gas molecule movement through the polymer 
chains via free volume. This would imply that solubility is based on chemical interactions, while 
diffusion is purely physical movement of molecules through the material with little or no interaction 
between the polymer and the permeating species. 
The main factor in determining the hydrogen permeability properties at a given temperature are 
predominantly controlled by changes in diffusion (physical movement) and not solubility (molecular 
interaction), to show this solubility coefficients of many semi-crystalline polymers are represented 
in Fig. 6.1.   
 
Fig. 6.1. Test of solubility for several semi-crystalline thermoplastic resins. Ref. [3] 
This graphic point out that despite variability in the chemistry of the polymer tested, there is a very 
little interaction between the polymer and hydrogen gas. Diatomic hydrogen gas, having H-H bond, 
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does not have induced dipole and is considered non-polar, this minimize the chemical interactions 
within the polymer.    
 Polymer liner selection 
There are several factors that affect the permeability of polymers to hydrogen and discard many 
polymers options. These properties affect the free volume available for molecular diffusion of 
permeant species. The available free volume can change drastically with minimal changes in 
polymer properties. Conversely, a polymer can be specifically engineered to maximize or minimize 
the free volume to tailor the permeability properties according to the application.  
Polymer type- In general, permeability decreases from elastomers to amorphous polymers to 
semi-crystalline polymers due to crystallinity and changes in the free volume. 
Density can be defined as a measure of the free volume between the molecules of the polymer 
structure. Thus, the higher the density, the lower is the permeability.  
Crystallinity of a semi-crystalline polymer reduces the permeability significantly compared to the 
value of the corresponding amorphous polymer. The crystallinity and the density of a polymer are 
strongly related; the higher the crystallinity the higher the density of a given polymer. As the degree 
of crystallinity increases, the permeability decreases.  
Orientation or alignment of polymer molecules reduces the permeability. For example, and 
extruded polymer that exhibits chain alignment in the direction of extrusion may have a lower 
permeability than the same polymer that was solution cast. 
Fillers, usually inorganic fillers such as silica or clay, provide physical barrier to diffusion and 
decrease the permeability. However, the effect is complicated by the type, shape, and amount of 
filler and its interaction with the polymer. 
Temperature influences the permeability and diffusion properties of small molecules in polymers. 
As the temperature increases, the mobility of the molecular chains increases and thermal 
expansion leads to a reduced density. Therefore, the free volume in the system will increase, 
leading to an increased solubility. Permeation at temperature of 85°C will be an order of magnitude 
greater than at room temperature (20°C). Relative reductions in permeation at low temperature 
are somewhat greater: at -40°C permeation is about 2% of the value at room temperature. 
Considering these factors, the best suited and inexpensive solution is a HDPE (high-density 
polyethylene) liner or barrier. This polymer has good mechanical properties (up to 30 MPa of 
tensile strength), it has a high density semi-crystalline structure and it withstand temperatures over 
100°C. 
 Predicting permeability behavior 
Consider the case of diffusion through a plane sheet or membrane of thickness l and diffusion D, 
whose surfaces, x = 0, x = l, are maintained at constant concentrations C1, C2 respectively. After 
a time, a steady state is reached in which the concentrations remain constant at all points of the 
sheet. The Fick’s diffusion equation (ref. [4]) in one dimension then reduces to 
 
𝑑2𝐶
𝑑𝑥2
= 0 
 
Eq. (6.1) 
 
provided the diffusion coefficient D is constant. On integrating with respect to x we have 
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𝑑𝐶
𝑑𝑥
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 
 
Eq. (6.2) 
and by a further integration we have, on introducing the conditions at x = 0, x = l, 
 
𝐶 − 𝐶1
𝐶1 − 𝐶2
=
𝑥
𝑙
 
 
Eq. (6.3) 
Both Eq. (6.2) and Eq. (6.3) show that the concentration changes linearly from C1 to C2 through 
the sheet. Also, the rate to transfer of diffusing substance is the same across all sections of the 
membrane and is given by 
 
𝐹 = −𝐷
𝑑𝐶
𝑑𝑥
= 𝐷
(𝐶1 − 𝐶2)
𝑙
 
 
Eq. (6.4) 
In some practical systems, the surface concentrations C1, C2, may not be known but only the gas 
pressures p1, p2 on the two sides of the membrane. The rate of transfer in the steady state is then 
sometimes written 
 
𝐹 = 𝐷𝑆
(𝑝1 − 𝑝2)
𝑙
 
 
Eq. (6.5) 
where S is the solubility and a constant. The connection between Eqs. (6.4) and (6.5) comes from 
Henry’s law:  
 
𝐶 = 𝑆𝑝 
 
Eq. (6.6) 
where C is the concentration within the material of the membrane in equilibrium with an external 
gas pressure p, and S is the solubility. Since C1, p1, and C2, p2 in Eqs. (6.4) and (6.5) are connected 
by Eq. (6.6) it follows that, with due regard to units, 
 
 𝑃 = 𝐷𝑆 
 
Eq. (6.7) 
where P is the permeability. If we have a composite membrane composed of n sheets of 
thicknesses l1, l2, ..., ln, and diffusion coefficients P1, P2, …, Pn, the fall in concentration (C1-C2) or 
pressure (P1-P2), through the whole membrane is the sum of the falls through the component 
sheets. Since the rate of transfer F is the same across each section the total rate of transfer is 
 
𝐹 =
(𝑝1 − 𝑝𝑛)
(𝑅1 + 𝑅2 + ⋯ + 𝑅𝑛)
=
(𝑝1 − 𝑝𝑛)
(
𝑙1
𝑃1
+
𝑙2
𝑃2
+ ⋯ +
𝑙𝑛
𝑃𝑛
)
 
 
Eq. (6.8) 
where R = l/P, may be termed formally the resistance to diffusion of each sheet.  
 Predicting leak rate of the pressure vessel 
Turning to chapter 3.3, it was commented that the maximum hydrogen leakage rate in a small 
room (30.4 m3) was 150 Ncc H2/min, to maintain a 25% LFL (4% of hydrogen in the air). According 
to Eq. 6.8 the leakage through a HDPE liner to the environment (105 Pa) can be calculated as   
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𝐹 = 4.2𝑥10−14
𝑐𝑚3𝑐𝑚
𝑐𝑚2𝑃𝑎 · 𝑠
(𝑝1 − 10
5) 𝑃𝑎
𝑙
 
 
Eq. (6.9) 
If the pressure inside the vessel is 3x107 Pa, the thickness of the liner is 0,38 cm and the area 
inside is 1.980 cm2, then the hydrogen flux is only 0,4 Ncc H2/min, far from the maximum leakage 
rate. 
 Sealings for a high-pressure vessel 
The solubility of hydrogen in the sealing material potentially plays a crucial role due to a large 
amount of gas absorption. The resultant intake of H2 and swelling of the sealing material can affect 
the strength of the seal essentially. In the case of a hydrogen intercalation in the sealing material 
a sudden expansion of the volume of the stored hydrogen occurs during a very rapid pressure 
decrease. This can lead to the destruction of the material if the gas cannot escape fast enough 
from the material or the tensile strength of the material is too low. The suitability of materials to 
resist these so-called explosive decompression is considered in the selection of the sealing 
material. 
A critical loading case exists for sealings when the pressure is relatively high (700 bar), and the 
temperature is simultaneously down to -40°C. The reason is that with increasing hydrostatic 
pressure the glass transition temperature (Tg) of the sealing material rises. A hydrostatic pressure, 
when sufficiently high, is able to reduce the so-called free volume of an elastomer and this brings 
the material closer to its glass transition, which makes it less suitable for sealing purposes. As a 
general rule, a rubbery material has the advantage of sealing under static conditions down to 
temperatures of about 10 K below its glass transition temperature when subjected to atmospheric 
pressure. The rate at which Tg increases seems to be material-independent and amounts to about 
0,02 K/bar as an average value for overall elastomers. Consequently, when pressure goes up 
from atmospheric levels to about 300 bar we may have Tg-shift of about +6°C. 
Therefore, a rubber material which possesses a good permeation resistance and simultaneously 
a very low glass transition temperature is needed. This is an oxymoron because a low Tg is only 
possible when the free volume is large enough; and large free volume means large permeation. 
For example, among sealing materials with very low good low temperature flexibility, exist silicon 
rubbers, but in the same time they are most permeable to the H2 fuel. To sum up, there is not the 
perfect elastomer to fulfil both requirements, low temperature flexibility and low hydrogen 
permeability. 
Conclusions 
In this thesis was provided a specific numeric method to find an optimum layup lamination for a 
high-pressure vessel and it was applied in a realistic case, and simulated with a finite element 
analysis. In addition, it was explained how to calculate the hydrogen leakage flux from inside the 
containment to the atmosphere at high static pressure. 
Two solutions were considered for the finite element analysis, but just one was found reliable for 
a real application in a bike. The woven fabric layup lamination formed by carbon and Kevlar/epoxy 
layers, was proved as a safe design according to the safety margin.    
The scope of this thesis ends with the designing and simulation but it is not explained how to 
fabricate a composite high-pressure vessel. Filament winding is a known method to wrap this kind 
of pressure vessels, but there are more methods such as draping for woven fabric composites.  
  
September 11, 2017 Albert Aragonès Morros  57/63 
References 
Books and articles 
 
[1] Lennie Klebanoff. Hydrogen Storage Technology 
[2] Isaac M. Daniel and Ori Ishai. Engineering mechanics of composite materials  
[3] M.C. Kane (Savannah River National Laboratory). Permeability, Solubility, and Interaction of 
Hydrogen in Polymers- An Assessment of Materials for Hydrogen Transport 
[4] J. Crank. The mathematics of diffusion 
[5] Sandia National Laboratories. Polymers for Hydrogen infrastructure and vehicle fuel systems 
[6] David Roylance. Massachusetts Institute of Technology. Pressure vessels 
[7] James E. Mark. Polymer Data Handbook 
 
Websites 
 
[7] http://www.pragma-industries.com/company/press-releases/alter-bike/  
[8] http://www.irunonhydrogen.com/  
[9] http://www.motorcyclenews.com/news/new-bikes/2011/march/mar0911-suzuki-fuel-cell-
scooter-gets-mass-production-approval-/  
[10] http://www.yankodesign.com/2010/02/24/hydromagnificence-on-two-wheels/ 
[11] http://engr.bd.psu.edu/davej/classes/fea1_hw5b.html  
[12] https://www.designnews.com/materials-assembly/aerospace-composite-rewrites-fabric-
rules/12590178339150  
[13] http://www.mtu.edu/materials/k12/experiments/tensile/  
[14] http://www-materials.eng.cam.ac.uk/mpsite/interactive_charts/stiffness-
density/NS6Chart.html  
[15] https://www.marcorubber.com/o-ring-troubleshooting.htm  
[16] http://www.kgk-rubberpoint.de/9244/seals-for-high-pressure-tank-systems-in-fuel-cell-cars/ 
 
 
Appendix 
Mechanical properties of some typical composite materials 
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Example of a FPF approach (angle-ply [±𝟓𝟓]𝒏𝒔 laminate) 
 
1 Stiffness for every layer k (step 1 and 2) 
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2 Stiffness of the laminate (step 3 and 4) 
 
 
3 Strains for every layer (step 5)  
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4 Tsai-Wu criteria (step 6 and 7) 
 
 
 
Example of the computational procedure for residual stresses (angle-ply [+-55°] laminate) 
 
  
September 11, 2017 Albert Aragonès Morros  63/63 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
